Abstract-The binding free energies of several benzamidine -like inhibitors to trypsin were examined using a polarizable molecular mechanics potential. All the computed binding free energies are in good agreement with the experimental data. From free energy decomposition, electrostatic interaction was indicated to be the driving force for the binding. MD simulations show that the ligands form hydrogen bonds with trypsin and water molecules nearby in a competitive fashion. While the binding free energy is independent of the ligand dipole moment, it shows a strong correlation with the ligand molecular polarizability.
I. INTRODUCTION
HE discovery of a lead molecule that binds to a targeted protein with high affinity is a major preoccupation of early-stage drug design [1, 2] . Accurate calculation of binding free energies is a must in this process. Treatments of protein-ligand binding, ranging from simple empirical scoring functions to thermodynamic free energy simulations with explicit solvent and full atomic details are widely used [3] . In principle, free energy perturbation (FEP) provides formally rigorous means to compute free-energy changes [4] . Although there have been numerous successful applications [3, 5, 6] , calculating biomolecule-ligand affinities remains challenging for the highly polarized or charged system. Both the potential energy functions and sampling efficiency need improvement. In a previous work, we reported the calculations of the absolute binding free energy of benzamidine to trypsin and the relative binding free energy of diazamidine compared to benzamidine, using a polarizable potetinal [7, 8] . All the calculated binding free energies are well within the accuracy of experimental measurement. In this work, we systematically study the relative binding free energies of five ligands of trypsin compared to benzamidine, using a polarizable potential via explicit solvent molecular dynamics simulations. The free energies were decomposed into electrostatic and vdW components to examine the importance of different energy contributions. Also we investigated the relationship between the dipole moment, polarizability and binding free energy of the ligand.
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II. METHODS

A. Atomistic Model
The benzamidine-trypsin crystal structure (1BTY) [9] was used to generate new structures for the other ligands. Relative free energy changes of five ligands to benzamidine were investigated. Ligand B and C replace the phenyl ring of benzamidine with a 1,3-diazine and 1,4-diazine respectively. Ligand D includes an amino group at 4-position of the phenyl ring. Ligand E is the only ligand in this study with an amine group instead of amidinium group. Ligand F is a derivative of ligand D with two carbon atoms in the ring substituted by nitrogen atoms. Ligand B and C were mutated from benzamidine in the trypsin binding pocket with the crystal complex structure whereas ligand D to F were superimposed on the benzamidine in the pocket and new structures were saved. For each ligand, we soaked the protein in an octahedron box with 4515 water molecules and 58 Å on each side.
B. Force Field and Parameterization
The potential function for the entire system, including trypsin, ligand and water, is given by
In AMOEBA force field, the electrostatic interaction composes of permanent atomic charges, dipoles, quadrupoles and the polarization effect by atomic induced dipole [10] [11] [12] . The van der Waals interaction is described by a buffered-14-7 function [13] . The electrostatic parameters are derived from quantum mechanical calculation. Each ligand was first optimized with Gaussian03 package at the level of HF/6-31G* [14] . Then the single point calculation was run at MP2/6-311++G(2d,2p) and multipoles of the ligands were calculated with GDMA v2 [15] . The van der Waals (vdW), bond, angle, and atomic polarizability parameters of the ligands were transferred from AMOEBA potential (amoebapro.prm) in TINKER package [16] .
C. Free Energy Perturbation
Free Energy Perturbation was used to compute the relative binding free energies between the different ligands. One ligand was perturbed from another ligand in both bulk water and the protein complex. The relative binding free energy between these two ligands can be computed as:
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The free energy simulations were performed by changing electrostatic and van der Waals parameters between the ligands in steps. When it comes to the annihilation of atoms, the a soft-core buffered-14-7 vdW function used between the 
The free energies between two neighboring steps were calculated using the Bennett Acceptance Ratio estimator [18] .
MD simulations were performed in parallel for all steps using PMEMD in AMBER v9. NVT dynamics simulations for 1 ns were run at each step, with a1 fs time step, and 9 Å vdW cutoff. Particle Mesh Ewald (PME) was used to treat the electrostatic interactions, with a real-space cutoff of 7.0 Å. We used the Bennett acceptance ratio of 10-5 D per atom as the convergence criterion.
III. RESULTS AND DISCUSSION
A. Relative Binding Free Energies
Unlike the absolute binding free energy, relative binding free energy is more likely to be predicted accurately due to the small structural change and the systematic error cancellation. Ligands B through E were perturbed from ligand A whose absolute binding affinity was obtained in our previous work and ligand D was then transformed into ligand F. The calculated absolute and relative binding free energies are in excellent agreement with experimental measurements ( Figure  1 ). The experimental binding free energies are based on inhibition constants determined by spectrophotometry or isothermal titration calorimetry under various assay conditions [19] [20] [21] [22] [23] . The existence of multiple experimental values for single ligand indicates that the experimental uncertainty is almost 1 kcal/mol in binding affinity.
B. Electrostatic Interaction as Driving Force for Binding
Although the separation of electrostatics and vdW contribution to the binding free energy is somewhat artificial because their values may vary in different perturbation path, the decomposition of the free energy change may provide valuable illustrations of the driving force of the binding of the ligands. Figure 2 shows the decomposition of the binding affinity for the 6 ligands we calculated. Deng et al. [24] reported that the repulsive and dispersive interaction contribute significantly to the binding free energy from WCA decomposition, while the electrostatic interaction is slightly unfavorable. However, these computations were limited to nonpolar ligands such as benzene, toluene and phenol. In contrast, the benzamdine ligands carry net charges and form a salt bridge with the trypsin. For these systems, the electrostatic contributions range from -4.95 to -7.97 kcal/mol, while the contributions from other interactions are only from -0.50 to 2.60 kcal/mol. Thus the electrostatic interaction is indicated as the driving force of the binding of these highly charged ligands to trypsin.
C. Molecular Dipole Moments of the Ligands
Electrostatic interactions are important factors to the trypsin-ligand recognition as the presence of the charged group is crucial. In our previous work, we computed the "polarization free-energy" in both bulk water and trypsin by turning off polarization between the ligand and trypsin. The results showed that polarization works to diminish the effect of permanent electrostatics in driving the binding of ligand to trypsin. It is not surprising as the benzamidine (+) cancels the polarization effect of Asp 171(-) in the binding pocket while forming strong electrostatic attraction. In Figure 3 , we showed the molecular dipole moments and polarizability of each ligand and their correlation with binding free energy.
Essex et al. [25] and Talhout et al. [22] suggested a correlation between the molecular polarity and the binding affinity. They argued that the more polar ligand is better solvated in water and therefore has lower affinity binding to trypsin. However, the scattering plot of binding affinities and ligand dipole moments in Figure 3 does not imply any of such correlation, with a poor R square value of 0.026. Ligand B has the smallest dipole moment among the six ligands, yet its solvation free energy is the largest. The significant free energy change in bulk water (-25.51 kcal/mol) is compensated by that in complex (-23.76 kcal/mol) so that the binding affinity is no stronger than some other ligands. At the same time, ligand E, which bears the largest dipole moment (-10.80 Debye) only has a binding free energy of -5.0 kcal/mol. The electrostatic details beyond the molecular dipole moment play the important role.
Interestingly, Figure 3 shows a reasonable correlation between binding free energy and polarizability, indicating that the stronger the polarizability, the weaker the binding affinity will be. Ligand B, which has the smallest dipole moment, takes a polarizability (10.33 Å 3 ) close to ligand C (10.37 Å 3 ) and has a similar value of binding affinity with ligand C (-4.97 kcal/mol versus -4.87 kcal/mol). According to the study by Brian W. Matthews et al. [26] , the strength of attraction is directly proportional to both the polarizability and ionization potential of the interacting molecules. Considering the limited range of values for the ionization potential, the attractive force mainly depends on the polarizability. The outcome of our calculations supports this view point. The R square value of linear fit is 0.85, RMSE 0.52, indicating a good linearity between binding affinity and polarizability.
D. Structural Analysis
There are a number of hydrogen bonds between ligands and trypsin, including the amidinium group with Asp 171, Gly 196, Ser 172 and water molecules and the amino group with Ser 177. In the crystal structure (1TBY), Asp 171 forms double hydrogen bonding with the two nitrogen atoms of benzamidine. However, it is not always the case as shown in the simulations. Take ligand A, C, D and E for example, only one hydrogen bond between Asp 171 and amidinium group was consistently observed in the simulations. This is due to the competitive interaction from a water molecule in the binding pocket. Whenever double hydrogen bonding between the ligand and the protein is missing, there is always a water molecule nearby forming a hydrogen bond with the amidinium. Ligand B forms more stable salt bridge throughout the simulation, with the both N-O distances within 3.5 Å. As for the internal water molecule seen in the crystal structure, our simulation demonstrated the existence of this crystal water was no accident. It interacts with one of the nitrogen atoms of the ligands constantly except for ligand E which has an amine group.
It is worth noting that making the ring less hydrophobic does not improve the binding affinity. On the contrary, the ligands with nitrogen atoms in place of oxygen atoms in the phenyl ring have relatively weaker binding to the trypsin. To be more specific, ligand B and ligand C have higher binding free energies than ligand A. Moreover, the amidinium group (ligand A) has been proved to provide more interactions in the binding pocket than amine group (ligand E) and hence stronger binding. For ligand D, the amino group at 4-position of the phenyl ring formed an additional hydrogen bond with Ser 177 at the catalytic site which enhanced binding by 0.36 kcal/mol.
IV. CONCLUSION
In this study, the binding affinities of five positively charged benzamidine analogs to trypsin were calculated with polarizable AMOEBA force field. The relative binding free energies were computed by mutating each ligand to benzamidine in both water and protein from MD simulations. The calculated binding free energies are well within the experimental uncertainty. Our results also indicate that electrostatic interaction is the dominant force of the binding of all the ligands. Although the correlation between dipole moments and binding free energies as other group has argued were completely invisible, there is a negative correlation between the polarizability and binding free energy. The structures of the binding complexes and hydrogen bonding dynamics were also examined carefully from molecular dynamics simulations. The presence of water seems play an important role. 
